The magnetic and structural properties of iron hydride FeH with the double hexagonal close-packed (dhcp) and hexagonal close-packed (hcp) structures are investigated by first-principles density-functional theory calculations with a spin-polarized form of generalized gradient approximation. All the calculations are performed using all-electron fullpotential linearized augmented plane wave method. Both dhcp and hcp FeH are ferromagnetic at ambient pressure. The ferromagnetic ordering of the dhcp structure collapses at a pressure of 48 GPa, while that of the hcp structure vanishes gradually from 48 GPa. The modification in the density of states (DOS) due to the applied pressure causes the collapse of the magnetization. The difference in magnetic moment reduction between dhcp and hcp FeH is attributed to their DOS around the Fermi level. The calculated magnetocrystalline anisotropy energies between in-plane and out-of-plane spin orientations are found to be 124 eV/Fe for the dhcp structure, and 100 eV/Fe for the hcp structure. The easy axis is in-plane direction for both structures.
Introduction
The behavior of hydrogen in elemental transition metals is a key to understanding the properties of transition-metal alloys for hydrogen storage. 1, 2) The low-cost, energy-efficient off-board storage of hydrogen in the transition-metal alloys is required for stationary fuel cell systems. [3] [4] [5] In addition, understanding of physical phenomena appearing in transition-metal hydrides is a long-term issue which still remains to be solved in basic science. Among the transition-metal hydrides, iron hydride FeH exhibits interesting properties of phase transformations, magnetism, and vacancy formations. 6, 7) Iron and FeH under high pressures, especially in a GPa range, are also one of the most actively studied subjects in the fields of geophysics and planetary science since Fe and H are the main constituents of the earth core. [8] [9] [10] Pure iron possesses a body-centered cubic (bcc) structure (-Fe) as the ambient-pressure ferromagnetic ground state, while by applying a pressure above 14 GPa, a paramagnetic hexagonal close-packed (hcp) phase ("-Fe) becomes more stable than the ferromagnetic bcc phase. The simultaneous magnetization and volume collapses are known to be of the first-order transition. Iron can absorb hydrogen up to a oneto-one composition, and the hydride is formed under a gaseous hydrogen (H) pressure greater than 3.5 GPa. The FeH has a double hexagonal close-packed (dhcp) Fe framework with intercalated hydrogen atoms between two adjacent Fe layers. 11, 12) FeH keeps its composition and ferromagnetism even after releasing H pressure at low temperature. 13, 14) Furthermore, FeH with hcp Fe framework has also been found as an intermediate state in the path of transformation from -Fe to dhcp FeH at relatively high pressures and elevated temperatures. 15) Thus, dhcp FeH can be considered as a thermodynamically stable phase at high pressures, and hcp FeH x is deemed to be a metastable phase. Note that hcp "-Fe at high pressures exhibits paramagnetism while hcp and dhcp FeH can be ferromagnetic with the incorporation of hydrogen. Structural determination for FeH has been performed by neutron powder diffraction experiments for deuterized samples. 12, 16) Both hcp and dhcp FeH are unstable under the ambient condition and rapidly decomposed into -Fe and gaseous hydrogen.
In dhcp FeH, structural and magnetic properties have been experimentally investigated by Mössbauer spectroscopy, X-ray magnetic circular dichroism (XMCD) at the Fe Kedge, and X-ray powder diffraction measurements. The magnetic moments and hyperfine fields at Fe sites are very sensitive to the applied pressure and magnetic ordering completely vanishes at pressures higher than approximately 30 GPa at room temperature measured by XMCD 17) and Mössbauer spectroscopy. 18, 19) Two distinct values of hyperfine fields arising from two different Fe sites in dhcp FeH are observed by Mössbauer spectroscopy. [20] [21] [22] [23] However, a clear correspondence between different hyperfine fields and Fe sites has never been identified yet. Although the ferromagnetic order of dhcp FeH disappears at about 30 GPa, in situ X-ray diffraction measurements show that the crystal structure stays stable up to a H pressure of 62 GPa at room temperature. 8, 24) Several electronic structure calculations for FeH were carried out previously. Elsässer et al. have studied the structural stabilities and magnetic properties of FeH using the mixed-basis pseudopotential method and the linear muffin-tin orbital method with the atomic sphere approximation. 25) Pronsato et al. have reported the band structure without spin porlarization by using the extended Hückel tight-binding method. 26) Isaev et al. 27) and Skorodumova et al. 28) have studied the structural stability of the dhcp phase by first-principles density-functional theory calculations based on the ultrasoft pseudopotential method. However, the origin of the sensitive magnetic moments and two different hyperfine fields has not been unambiguously characterized yet. Furthermore, the mechanism of the magnetization collapse due to high H pressures is still a controversial issue.
In the present study, to address these issues, the magnetic and electronic structures of dhcp and hcp FeH are investigated by first-principles density-functional theory calculations. We first explain the origin of sensitive magnetic moments and hyperfine fields of dhcp FeH to the hydrogen position. Secondary, structural stabilities between the two structures and their electronic structures under pressure are discussed to understand the mechanism of magnetization collapse. Magnetocrystalline anisotropy energy between in-plane and out-of-plane orientations for dhcp and hcp FeH is calculated with the inclusion of spin-orbit coupling.
Calculation Methods
Calculations in this study are based on the densityfunctional theory (DFT) 29, 30) as implemented in the allelectron full-potential linearized augmented plane wave (FLAPW) method [31] [32] [33] [34] in a scalar-relativistic manner. The exchange-correlation contribution to the energy and potential is included using a spin-polarized form of the generalized gradient approximation (GGA) within the PerdewBurke-Ernzerhof (PBE) functional. 35) To obtain the accurate electronic structure and equation of states (EOS), the planewave cutoffs are set to 25 and 200 Ry for the LAPW basis functions and the potential and charge density, respectively. The Brillouin-zone integrations are performed using k-point grids of 20 Â 20 Â 5 for dhcp FeH and 20 Â 20 Â 10 for hcp FeH. The muffin-tin (MT) sphere radius is set to be 1.0 # A for Fe and 0.59 # A for H. The method of explicit orthogonalization is used in the present study.
36) The hyperfine field is estimated by calculating the Fermi contact term, which should be dominant in FeH.
Crystal Structure
Both dhcp and hcp structures of FeH belong to the same space group P6 3 =mmc, but the atomic stacking sequences along the z-stack direction are different from one to another, as schematically shown in Fig. 1 : the dhcp structure has an ABAC stacking of Fe triangular layers [see Fig. 1(a) ], and the hcp structure has an ABAB stacking [ Fig. 1(b) ]. In dhcp FeH, there are two crystallographically inequivalent Fe sites, 2a and 2c in the Wyckoff representation, while the hcp lattice has only a 2c Fe site. Hydrogen atoms occupy 4f sites in dhcp and 2a ones in hcp. Because of the stacking sequence, the lattice constant c in the hcp structure is approximately half of dhcp one, and thus the unit cell of the dhcp FeH contains four formula units, while hcp FeH has two. Structural optimizations for all lattice constants and internal atomic coordinates have been performed by keeping the crystal symmetry and stacking sequences. Their calculated and experimental lattice constants are summarized in Table I , together with bond lengths between Fe and H. The structural optimization gives very reasonable, consistent results with neutron powder diffraction measurements. 12, 37) The volume expansion compared with -Fe due to hydrogenation is determined to be about 17% on the basis on the experimentally determined structures.
Results and Discussion

Structural and magnetic properties of dhcp FeH
In this section, we focus on the magnetic properties of dhcp FeH and give interpretation on the experimental results of Mössbauer spectroscopy. As already mentioned above, the crystal structure of dhcp FeH consists of the ABAC stacking of Fe triangular layers with two types of crystallographic Fe sites 2a and 2c. The 2a site (A layer) has a local inversion symmetry while the 2c site (B and C layers) has no inversion [see Fig. 1(a) ]. Hydrogen layers (4f sites) are sandwiched by two adjacent Fe layers. The most interesting feature in the dhcp structure is that there is no symmetry constraint on the z-coordinate of the H position, z(H). This small displacement of H significantly affects the magnetic properties of dhcp FeH. Figure 2 shows the calculated force acting on H atoms, magnetic moments and hyperfine fields of Fe as a function of z(H) for the lattice constants fixed at the equilibrium ones. Fe atoms reveal two types of magnetic moments corresponding to the two crystallographically Fig. 1(a) . Accordingly, the magnetic moments and hyperfine fields of the two Fe sites at the equilibrium position z(H) = 0.880 become remarkably different. The difference in magnetic moments is approximately 0.2 B and that in hyperfine field is 40 kG. The actual calculated Fe magnetic moments within the MT spheres of the 2a and 2c sites at the equilibrium position are 1.90 and 2.08 B , respectively. The measured spontaneous magnetization is 2.22 B per Fe atom at T ¼ 4:2 K. 13, 14) The calculated magnetic moment per FeH in the entire crystal is 1.97 B . Those magnetic moments within the MT spheres are slightly underestimated owing to the magnetization of the crystal. The hyperfine field shows a similar tendency, accounting well for two hyperfine fields measured by Mössbauer spectroscopy, namely 31 and 26 T by Mitsui et al. 19) and 31.7 and 27.6 T by Choe et al. 23) It is clear that the smaller observed value corresponds to the hyperfine field arising from the 2a site and the other comes from the 2c one.
To understand the strong dependence of the magnetic properties on the H position, the partial density of states projected on the Fe d and H s orbitals is depicted by changing the H position from z(H) = 0.870 to 0.890 in Fig. 3. As z(H) Fig. 4 . The corresponding pressure of the transition is 48 GPa as determined from the third-order Birch-Murnaghan EOS. 38, 39) This figure shows total energies and spin magnetic moments per Fe atom calculated as a function of the lattice volume for ferromagnetic and nonmagnetic phases with dhcp and hcp structures. The total-energy versus volume curve is obtained by changing lattice volume with the c=a ratio optimized at each volume. Their calculated equilibrium volume and bulk modulus are listed in Table II . The magnetic moments change very abruptly under compression at the transition point. Elsässer and coworkers have claimed this transition roughly at a volume of 75 a.u. by the LMTO-ASA calculation within the local spin density approximation (LSDA). 25) Our results based on the FLAPW method with GGA are in fairly good agreement with their results. An experimental study based on Mössbauer and neutron measurements shows that dhcp FeH exhibits a ferromagnetic phase at least up to 10 GPa. 16) More recently, the hyperfine field was measured depending on the applied H pressure up to 65 GPa by Mössbauer spectroscopy at room temperature and reported the magnetization collapse around 30 GPa. 18, 19) The collapse of magnetization occurs at 22 GPa from the results of nuclear resonant inelastic X-ray scattering measurements. 9) The results of our calculations should correspond to those of a low-temperature measurement.
It is also interesting to understand how the electronic and structural properties are changed and why the magnetization disappears under high pressures. As shown in Fig. 4 , the transition from the ferromagnetic state to the nonmagnetic states of the dhcp structure occurs at a relatively larger volume than that of the hcp structure. In the hcp structure, the transition point starts at 75 a.u. and ends at 55 a.u. Figures 5(a) and 5(b) show the pressure dependence of the c=a ratios of dhcp and hcp FeH, respectively. These ratios are determined at each volume on the basis of total energies. The lattice with ferromagnetic ordering is easily compressed along the z-direction; the optimized c=a ratio for the dhcp structure with ferromagnetic ordering decreases up to about 50 GPa and then merges with that of the nonmagnetic states.
This pressure at the highest c=a ratio well corresponds to the transition point from the ferromagnetic state to the nonmagnetic state (see Fig. 4 ). On the other hand, as shown in Fig. 5(b) , the optimized c=a ratio of the ferromagnetic state of the hcp structure shows a similar curve with that of dhcp up to about 45 GPa, but the ratio become closer to the nonmagnetic state very slowly in a higher pressure region. As plotted in Fig. 4 , the magnetic moments at pressures greater than 48 GPa also show a similar behavior to the optimized c=a ratio. The magnetic spin moment of the dhcp structure drastically decreases at the magnetic transition point, but that of the hcp structure decreases gradually. These characteristics can be explained by noting electronic structure differences between dhcp and hcp FeH. Both dhcp and hcp FeH show ferromagnetic ground states at ambient pressure and the ferromagnetic stability is actually realized by the high DOS around the Fermi energy enough to satisfy the Stoner condition as plotted in Figs. 6(a) and 6(c). As shown in Fig. 6(b) , in the dhcp FeH, the peak is shifted from the Fermi level and its value is reduced under the high pressure. However, in the hcp structure, the DOS does not show such behaviors at pressures of greater than 48 GPa; the peak at the Fermi level remains and is reduced slowly by the applied pressure [see Fig. 6(d) ].
Magnetocrystalline anisotropy energy
Magnetocrystalline anisotropy energy (MAE) is estimated for ferromagnetic dhcp and hcp FeH. MAE results from the spin-orbit interaction. MAE is defined as To obtain MAE, we used the k-mesh sets of 40 Â 40 Â 20 for the dhcp structure and 36 Â 36 Â 27 for the hcp one using their optimized lattice constants in the present study. It is found that the obtained magnetic easy axis is in-plane for both structures, while the hard one is out-of-plane. MAE is determined to be 124 eV/Fe for dhcp structure and 100 eV/Fe for the hcp one. The calculated MCA of the dhcp structure is about twice as large as that of hcp Co.
hcp FeH x
Structural stabilities between dhcp and hcp FeH are attributed to their hydrogen contents and magnetic orderings. As plotted in Fig. 4 , in the nonmagnetic phase, the dhcp structure is more stable than the hcp structure, but the dhcp structure is slightly less stable than the hcp structure in the ferromagnetic phase. The calculated magnetic properties support the results of the structural stabilities. The calculated magnetic moment of the hcp structure is 2.00 B /Fe, which is slightly larger than that at the 2c site of dhcp FeH at the equilibrium structure (1.95 B /Fe). The stronger magnetization of hcp FeH results in structural stabilities.
Some experimental groups show that dhcp FeH is thermodynamically stable at high H pressures even at low temperatures, and hcp FeH x is considered as a metastable phase.
12) The metastable state is observed during the transformation from -Fe to dhcp FeH at relatively high pressures and elevated temperatures. 15) Schneider et al. experimentally reported that a nonmagnetic phase with the hydrogen content x ¼ 0:3 was found at 4.2 K by Mössbauer spectroscopy; however, if x is increased to more than 0.4, the FeH x phase might show ferromagnetic ground states. 22) An hcp phase was found by neutron diffraction measurements for the "-phase using a sample of a FeD 0:42 .
12) It is also interesting that hcp Fe at high pressures is widely known as a nonmagnetic ground state, but hcp FeH x can be ferromagnetic with the incorporation of hydrogen. To clarify the relationships between structural and magnetic properties depending on the hydrogen occupations, calculations for obtaining the properties of nonstoichiometric FeH x is now in progress.
Conclusions
The structural and magnetic properties of dhcp and hcp FeH were studied by first-principles DFT calculations. For dhcp FeH, we found that the magnetic moment and hyperfine field are very sensitive to the H position z(H), and this can be explained by the degree of Fe d-band localization in relation to the bond distance between Fe and H. With increasing z(H), at the Fe 2a site, which has inversion, the d band broadens and the magnetic moment decreases. There is no inversion symmetry at the Fe 2c site, the d band narrows resulting in the increased moment. The calculated magnetic moment and hyperfine field at the equilibrium H position well correspond to the experimental values. Hcp FeH with ferromagnetic ordering is slightly more stable than the dhcp one. The ferromagnetic phase of dhcp FeH disappears around 48 GPa at zero temperature, which is roughly consistent with experimental critical pressure of roughly 30 GPa observed by Mössbauer measurements at room temperature. On the other hand, the magnetic moment of hcp FeH at pressure more than 48 GPa gradually vanishes. This is attributed to the difference in DOS at pressures greater than 48 GPa; DOS of the hcp FeH shows peaks at the Fermi level, but, in the dhcp structure, the peak is shifted from the Fermi level and the Stoner condition 42) is not satisfied at high pressures. Even at ambient pressure, hcp FeH with ferromagnetic ordering is slightly more stable than the dhcp one. The magnetic moment of hcp FeH is slightly larger than that of dhcp (2c site). The stronger magnetization of the hcp Fe lattice results in structural stability for the stoichiometric FeH. The MAE values for dhcp and hcp FeH were also calculated. The MAE values are 124 eV/Fe for the dhcp structure and 100 eV/Fe for the hcp one. The magnetic easy axis is in-plane, while the hard axis is out-of-plane in both structures. 
